Abstract. Chrysanthemum production in Korea has recently been greatly affected by the spread of Chrysanthemum stunt viroid (CSVd) infection, necessitating the use of CSVd-free stocks to ensure successful chrysanthemum cultivation. We investigated the effects of low temperature (4 ), antiviral chemicals (ribavirin and amantadine) and a combination of these treatments on CSVd elimination by meristem tip cultures using plantlets that originated from CSVd-infected chrysanthemum 'Ency'. Neither antiviral agents led to CSVd elimination, despite the suppression of meristem tip growth in a concentration dependent manner. However, the CSVd elimination rate increased up to 42.8% when meristem tips were excised after storage at 4 for two months. The most effective results were obtained from a combination of low temperature for three months at 4 followed by meristem tip culture on media containing 50 and 100 mg·L -1 ribavirin. These results suggest that antiviral agents can also be useful for CSVd elimination if their treatment is combined with prolonged periods of low temperature. This is the first report of eradication of viroids from spray type chrysanthemum bred in Korea.
Introduction
Chrysanthemum (Dendranthema grandiflorum) is one of the most important crops in the floricultural industry worldwide (Bouwen and van Zaayen, 2003; Hosokawa et al., 2004) . In Korea, chrysanthemum is widely produced as a pot or cut flower (Chung et al., 2009) . Specifically, 687 ha of greenhouse space are used for their cultivation annually, and total chrysanthemum sales in 2009 were approximately 96 million US dollars (National Institute of Horticulture & Herbal Science, 2010) . However, the area showing viroid infection has been increasing gradually, resulting in a reduction in both quality and yield of chrysanthemum (Chung et al., 2005) .
Two viroids, Chrysanthemum stunt viroid (CSVd) and Chrysanthemum chlorotic mottle viroid (CChMVd), have a major impact on chrysanthemum, with CSVd leading to serious problems (Hosokawa et al., 2004) . Since CSVd was first observed in Korea, it has been transmitted from plant to plant via vegetative propagation methods such as use of cuttings, and its infection has spread to almost all cultivars of chrysanthemum (Chung et al., 2005 (Chung et al., , 2009 ). The pathogenic symptoms derived from CSVd infection are well known, and include light green leaves, reduced anthocyanin expression, shortened stem, and reduction of flower and leaf sizes (Diener and Lawson, 1973; Hollings and Stone, 1970; Horst et al., 1977) .
Several methods of eradicating viroids from infected plants have been reported (Barba et al., 2003) , many of which focused on meristem tip culture, thermotherapy and chemotherapy effects and resulted in selection of viroid-free clones in some plant species. In chrysanthemum, a considerable number of CSVd-free clones have also been isolated by using both thermotherapy and chemotherapy methods in combination with shoot tip culture (Horst and Cohen, 1980; Paduch-Chical and Kryczy ski, 1987; Paludan, 1985) . Moreover, leaf primordium-free shoot apical meristem culture has been attempted to obtain viroid-free plants (Hosokawa et al., 2004 (Hosokawa et al., , 2008 based on viroid particles were not observed in tobacco shoot apical meristem upon in situ hybridization (Zhu et al., 2001) . However, in some regenerated plants determined to be CSVd-free by RT-PCR or dot blot hybridization, additional infections were found through different or more precise detection methods such as nested PCR Hosokawa, 2008) .
Therefore, this study was conducted to evaluate the effects of theromotherapy and chemotherapy on viroid elimination from chrysanthemum using nested PCR. To accomplish this, the effects of low temperature (4 ), antiviral agents (amantadine and ribavirin) and their combination were elucidated by analyzing CSVd-infected spray type chrysanthemum via meristem tip culture.
Materials and Methods
Chrysanthemum (Dendranthema grandiflorum) 'Ency' showing CSVd symptoms were collected from a commercial greenhouse in Chilgok, Kyeongbuk Province, Korea. All collected plants were confirmed to have CSVd infection by RT-PCR and CSVd-infected plants were then multiplied from stem cuttings in a growth chamber that was maintained at 24 ± 2 and 80% humidity under cool white fluorescent light (70 mol·m -2 ·s -1 ) applied on a 16 h/8 h light/dark cycle. An uninfected plantlet was also maintained under standard growth conditions and used as a negative control.
CSVd-infected plants confirmed by RT-PCR were introduced in vitro by node culture. Shoot tips (3-5 cm in length) were sterilized by application of a series of 2% NaOCl, 70% of EtOH and autoclaved distilled water. The node sections (1.5-2.0 cm in length) were then cultured on MS basal medium (Murashigr and Skoog, 1962) ) applied on a 16 h/8 h light/dark cycle. After cold treatment, shoot tips (± 0.3 cm) were excised and cultured on the same subculture medium with or without antiviral chemicals at 50 or 100 mg·L -1 . All plants grown under the same culture conditions indicated in above in vitro culture were cultured for two months, after which ten samples from all treatments other than the controls were subjected to RT-PCR analysis as described below.
The presence or absence of CSVd was determined 3-4 months after meristem tip culture. CSVd-free plants were counted in each treatment and all data collected were analyzed by ANOVA (P = 0.05) using the Microsoft Excel 2002 statistical software. The total RNA from about 100 mg of shoot tips was extracted using TRI Reagent ® Solution (Ambion, USA)
according to the manufacturer's instructions. Reverse transcription was then conducted using a ReverTra Ace--® kit (Toyobo, Osaka, Japan) with 1 g of total RNA and equal volumes of 25 M random primer and 20 M of CSVd-PR3 (5'-GTGAAAACCCTGTTTAGGATTAC-3') primer according to the manufacturer's instructions. After RT reaction, PCR was conducted on a SuperCycler Gradient Cycler SC200 (Kyratec, Australia) using a Smart Taq Pre-Mix Kit (SolGent Co., Ltd., Korea) with the following primers: CSVd-PF1 (5'-CCTTTAGTTTCCTTCCTCTCC-3')/CSVd-PR3 and CSVd-PF4/CSVd-PR1 (5'-CGAAGCTTCCTTTGGCT ACTACC-3'/5'-ATCTCGTCGGACTTCCTCCA-3'). Next, 1 L aliquots of PCR products (350 bp and 237 bp) were subjected to nested PCR using the following primers: CSVd-F (5'-CAACTGAAGCTTCAACGCCTT-3')/CSVd-PR1 and CSVd-PF5/CSVd-PR5 (5'-CTACTACCCGGTGGAAA CAACTG-3'/5'-GGACTTCCTCCAGGTTTCCC-3'). Nested PCR resulted in products of 205 bp and 214 bp. PCR was conducted by subjecting the samples to the following conditions: initial denaturation for 2 min at 95 , followed by 40 (1 st PCR) or 25 (2 nd PCR) cycles of 95 for 20 s, 5 5 for 40 s and 72 for 30 s, and then final extension for 5 min at 72 . PCR products were separated and visualized on 2% agarose gel. 
Results
To multiply CSVd-infected plants in vitro, plantlets regenerated via node culture were subcultured every two months. Subsequently, initially generated plantlets were again checked for CSVd infection by nested PCR, which revealed that all plants were positive for CSVd infection (data not shown). We then used the two-month-old plantlets to test whether low temperature can be an effective method for CSVd elimination. In vitro plantlets were stored in a low temperature chamber (4 ± 1 ) for one, two or three months under a 16/8 h light/dark cycle. Prolonged cold for more than two months induced relatively severe growth disorders, reduced the plant height, necrosis of basal leaves, etc. (Fig. 1) . Moreover, the size of shoot tips became smaller than those of control plants (data not shown). Additionally, survival decreased to 74% in subsequent meristem tip culture after three months of cold storage (Table 1) . Conversely, the rate of CSVd-free plantlets from the same cold treatments was greatly enhanced by up to 90%, while that of control plants was 50% when cultivated at 25 (Table 1) .
We further analyzed the effects of chemotherapy on CSVd elimination. To accomplish this, two antiviral agents, amantadine and ribavirin, were applied to the two-month-old plantlets at 25, 50, or 100 mg·L -1 . Addition of the antiviral chemicals to the shoot tip culture medium suppressed subsequent growth of shoot tips in a concentration dependent manner (data not shown); however, with the exception of the 100 mg . L -1 ribavirin treatment, their effects on elimination of CSVd were not significant when compared to the control treatment (Table 2) . We also investigated the effects of chemical application with low temperature treatment. After one to three months at 4 , shoot tips were excised and transferred to media containing 50 or 100 mg L -1 of amantadine and ribavirin, respectively. Similar to the cold treatment alone (Table 1) , prolonged cold treatments negatively affected survival rates of the cultures, and amantadine, but not ribavirin, accelerated the injurious effect (Table 3 ). The survival rate of amantadine treatment declined to 50% after one month at 4 , and to 22% after three months, indicating that shoot tips subjected to low temperature are adversely affected by amantadine. However, antiviral chemicals combined with the low temperature seemed to be effective at removing CSVd (Table 3) , with the greatest response being observed in response to treatment of shoot tips at 4 for three months followed by culture on ribavirin containing media, with rates of CSVd-free plants of 100% (Table 3 and Fig. 2) . Table 2 . Effect of antiviral chemicals on CSVd elimination from shoot tip culture of CSVd-infected chrysanthemum. Table 3 . The effects of low temperature (4°C) combined with and antiviral agents on CSVd elimination from shoot tip culture of CSVd-infected chrysanthemum.
Discussion
It is difficult to remove viroids from plants once infected, and some viroids containing CSVd are transmitted through sexual parts of the plants as well (Chung and Pak, 2008; Hadidi et al., 1991) . Detection of viroids by RT-PCR shows greater sensitivity when compared to conventional detection methods such as bioassay, polyacrilamide gel electrophoresis (PAGE) or molecular hybridization (Hadidi and Candresse, 2004) . Moreover, very recent data if combined with nested PCR, can be a useful tool for detection of very low copies of viroid molecules (Hosokawa, 2008) . Therefore, all data in this study were obtained from the nested PCR to provide more accurate results.
The results of this study demonstrated that CSVd can be efficiently removed from infected chrysanthemum 'Ency' plantlets in vitro by using prolonged 4 treatment alone or coupled with antiviral agents (Fig. 2 , Tables 1, and 3), indicating that low temperature is a key factor for elimination of CSVd from infected chrysanthemum. However, chemotherapy using amantadine and ribavirin were ineffective when administered alone, and had only a minimal effect when applied in conjunction with cold treatment (Tables 2 and 3) . Our results are similar to other studies of these compounds (Bellés et al., 1986; Horst and Cohen, 1980) ; however, the chemotherapeutic effects appear to vary and be dependent on chemicals and plant species Mahfouze et al., 2010 ). Thermotherapy at low or high temperature has been utilized as a useful method to remove viroids, and low temperature can inactivate viroids efficiently (Barba et al., 2003; Handley and Horst, 1988; Paduch-Chical and Kryczy ski, 1987) . High temperature, however, seems to be ineffective in our chrysanthemum condition, because CSVd was not eliminated efficiently after heat treatment (Jeon et al., 2012) . A plausible explanation for the inactivation or eradication of viroids by low temperature is as follows. The activity of viroid replication and movement in host plants can be reduced during cold periods. Replication and movement of viroids are completely dependent on components from host plants (Darós and Flores, 2002; Diener, 1991; Gómez et al., 2005) , and cold periods lead to reduced physiological activity throughout the plants and therefore reduced viroid replication. Indeed, some reports have shown that CSVd concentration decreased in chrysanthemum plants grown under relatively low temperatures (Chung et al., 2006; Handley and Horst, 1988) . This may explain why rates of CSVd infection in control plants grown at relatively low temperature (22 ) decreased to 50% in this study (Tables 1 to  3 ). Additionally, tissue or organ-specific nuclease might be involved in the degradation and elimination of viroid RNAs from infected cells. For example, pollen specific nucleases eliminated viroid transmission via sexual propagation in hop plants (Matoušek et al., 2008) . Shoot apical meristem is one of the most important tissues in plants; therefore, they may be involved in some crucial functions related to defense or accurate growth (Trap-Gentil et al., 2011; Wong et al., 2011) . Accordingly, additional studies to investigate whether certain nucleases in the apical meristem participate in the process to erase pathogenic RNA molecules are warranted.
In conclusion, meristem tip culture and chemotherapy are not efficient techniques for eradication of CSVd from chrysanthemum. However, the combination of in vitro cold therapy and chemotherapy with shoot tip culture eliminates CSVd from infected chrysanthemum and seems to be an attractive and alternative tool for preventing or reducing the spread of viroids.
